Introduction
Copper is important as an essential trace element in biological systems. Acute copper poisoning occurs when several grams of copper salt are ingested. Wilson's disease is a prototypical disease caused by copper toxicosis, affecting first the liver and later the central nervous system, kidneys and eyes. Copper is also an essential element, and a deficiency causes ischemic heart disease. 1 Since the concentration of copper is extremely low in various natural samples, a sufficiently selective and sensitive method for the reliable determination of copper would be of great interest.
Several methods for the determination of copper are available, such as inductively coupled plasma-mass spectrometry (ICP-MS), neutron activation analysis (NAA), atomic absorption spectrometry (AAS), ion-selective electrode (ISE), and emission spectrometry. However, most of them require several timeconsuming manipulation steps, sophisticated instruments and special training. 2, 3 A common method for the determination of copper is anodic stripping voltammetry (ASV). ASV is one of the most sensitive methods for the determination of traces of numerous ions because of its remarkably low detection limit. 4 Other advantageous features of ASV include relatively low-cost instrumentation and the capability for simultaneous multielement determination. In addition, the possibility for portable and compact instruments for stripping analysis and their low power needs make them attractive for on-site monitoring of trace metals. 5 Mercury-based electrodes, especially hanging mercury drop electrodes, have been widely used in anodic stripping voltammetry for the copper determination. However, because of the toxicity of mercury, it is important to develop mercury-free electrodes, especially disposable electrodes, for the voltammetric stripping determination of copper. [6] [7] [8] [9] Chemically modified electrodes (CME) have been recognized as being one of the desirable alternatives. CME can easily and conveniently be fabricated, and have some unique advantages in enhancing the selectivity and sensitivity due to the chemical nature and microstructure of the modified electrode surface. Therefore, CME are already widely used in analytical chemistry. [10] [11] [12] In recent years, various chemically modified electrodes have been used to determine copper. Many substances, such as alga, 10 N-phenylcinnamohydroxamix acid, 11 N-acetyl-1-cysteine, 12 10-phenan-throline, 13 cysteine, 14 natural ionic polysaccharides, 15 Sphagnum peat moss, 16 1,2-bis-methyl(2-aminocyclopentene-carbodithioate)ethane, 17 salicylidenea-mino-2-thiophenol, 18 diquinolyl-8,8′-disulfide, 19 polypyrrolepyrocatechol violet, 20 N-(2-hydroxybenzyl)chitosan 21 and tetraphenylporphyrin, 22 have been used to fabricate the CME for the determination of copper. However, most of these modifiers were used to produce chemically modified carbon paste electrodes (MCPE). Some of the MCPEs require additional steps for their preparation. 20, 21 Tobramycin (as shown in Fig. 1 A Nafion-modified glassy carbon electrode incorporated with tobramycin for the voltammetric stripping determination of Cu 2+ has been explored. The electrode was fabricated by tobramycin containing Nafion on the glassy carbon electrode surface. The modified electrode exhibited a significantly increased sensitivity and selectivity for Cu 2+ compared with a bare glassy carbon electrode and the Nafion modified electrode. Cu 2+ was accumulated in HAc-NaAc buffer (pH 4.6) at a potential of -0.6 V (vs. SCE) for 300 s and then determined by differential pulse anodic stripping voltammetry. The effects of various parameters, such as the mass of Nafion, the concentration of tobramycin, the pH of the medium, the accumulation potential, the accumulation time and the scan rate, were investigated. Under the optimum conditions, a linear calibration graph was obtained in the concentration range of 1.0 × 10 -9 to 5.0 × 10 -7 mol l -1 with a correlation coefficient of 0.9971. The relative standard deviations for eight successive determinations were 4. . A study of interfering substances was also performed, and the method was applied to the direct determination of copper in water samples, and also in analytical reagent-grade salts with satisfactory results. aminosugar rings, aminoglycoside antibiotic has a high capability for metal ion complexation. Simple aminohexoses bind Cu 2+ ions quite effectively, anchoring the metal ion to the amino nitrogen. When a hydroxyl group is properly located, and five-or six-membered chelate rings can be completed by a hydroxyl oxygen, relatively strong complexes are formed with the metal ion bound to the amino nitrogen and protonated or deprotonated sugar oxygens. 23 Aminoglycoside antibiotic like tobramycin, is a much more sophisticated ligand by having several distinct potential binding sites. Tobramycin anchors Cu 2+ with an {NH2, O -} chelate of the C-ring of its molecule. Both terminal aminosugar rings of tobramycin can participate in the binding. 24 The voltammetric behavior of tobramycin with Cu 2+ has not been studied. This paper presents a new method for the determination of copper by differential pulse anodic stripping voltammetry with a tobramycin modified electrode. The tobramycin was fixed on a glassy carbon electrode by using Nafion. Nafion is a good cation-exchanger with the advantages of chemical inertness, thermal stability and mechanical strength, and is widely used to modify electrodes in electrochemistry. 25, 26 The hydrophilic charged sulfonate group in Nafion enables it to selectively preconcentrate cations by electrostatic interaction, and the hydrophobic fluorocarbon network of the polymer gives it ionic selectivity for hydrophobic organic cations by a hydrophobic interaction. Incorporation of some complexing reagents can improve the sensitivity and selectivity of polymermodified electrodes. [27] [28] [29] [30] In this work, the function of Nafion was not only to fix tobramycin on the glassy carbon electrode surface, but also to serve as a barrier to prevent interferents from reaching the electrode surface where the electrochemical process takes place. The present study has led to the development of a voltammetric method for the determination of Cu
2+
. Compared with the method, which only used a Nafionmodified electrode (the linear range of measurement is from 4.72 × 10 -6 to 7.08 × 10 -5 mol l -1 and the detection limit is 1.42 × 10 -6 mol l -1 ), 30 the proposed method has a higher sensitivity, a wider linear range and better selectivity. The method has been successfully applied to the determination of copper in water and in analytical reagent-grade salts with satisfactory results.
Experimental

Apparatus
A CHI 660A Electrochemical Workstation (CHI Instruments) was used for electrochemical measurements. A conventional three-electrode system was employed with a tobramycin-Nafion modified electrode (3.0 mm in diameter) as a working electrode, a platinum wire as an auxiliary electrode, and a saturated calomel electrode (SCE) as a reference electrode. All potentials reported in this paper were referenced to the SCE.
Reagents
Nafion perfluorinated ion-exchange resin (5%) was purchased from Aldrich.
Tobramycin was from Chongqing Daxin Medicine Plant. A stock solution (1.0 × 10 -3 mol l -1 ) of Cu 2+ was prepared using deionized water. A working solution for voltammetric investigations was prepared by dilution of the stock solution with deionized water. An HAc-NaAc buffer solution was used to control the pH. All other reagents were of analytical reagent grade. All solutions were prepared using deionized Milli-Q water (18 mΩ cm -1 ).
Preparation of a modified glassy carbon electrode
Prior to each experiment, the glassy carbon electrode was first polished with 0.05 µm alumina slurry using a polishing cloth to mirror smoothness, rinsed throughly with deionized water, and ultrasonicated successively in a 1:1 aqueous solution of nitric acid and an ethanol solution each for 2 min. After being rinsed with deionized water, the glassy carbon electrode was dried under an infrared lamp. A tobramycin-Nafion modified glassy carbon electrode was prepared by adding 5 µl 2.5% (v/v) Nafion-ethanol solution which contained 1.75 × 10 -4 g ml -1 tobramycin onto the dry electrode with a microsyringe. The electrode was then placed under an infrared lamp to evaporate the solvent. Before a measurement, the modified electrode was rinsed with deionized water.
Determination of Cu 2+
A 10-ml volume of a solution containing an appropriate concentration of Cu 2+ and HAc-NaAc buffer (pH 4.6) was transferred into an electrochemical cell. The stirrer was switched on. The accumulation potential (-0.6 V) was applied to the tobramycin-Nafion modified electrode for 5 min. At the end of accumulation, the stirrer was switched off. After standing for 30 s, the potential was then scanned from -0.6 to 0.2 V by differential pulse stripping voltammetry with a scan rate of 40 mV s -1 . The peak height was measured at -0.08 V. After each electrochemical measurement, the electrode was scanned for five times from -0.6 to 0.2 V by linear potential sweep voltammetry in a pH 4.6 HAc-NaAc buffer to clean the previous deposits. Thus, the modified electrode can obtain a higher current response, better stability and repetition. Figure 2 presents a stripping voltammogram obtained with the tobramycin-Nafion modified electrode. In the presence of Cu 2+ , a pair of waves could be observed at -0.08 and -0.14 V. The anodic peak was higher than the cathodic peak, which showed that an irreversible process occurred during the procedure. The peak resulted from the redox process of Cu 2+ , since the tobramycin-Nafion modified electrode did not exhibit any current peak in this potential range in blank solutions. The bare glassy carbon electrode and the Nafion modified electrode have been tested for an alternative stripping analysis of Cu
Results and Discussion
Voltammetric characteristics of Cu 2+ on the tobramycin-Nafion modified electrode
2+
; a couple of current peaks also appeared at about -0.08 and -0.14 V under the same condition. The current peak of the Nafionmodified electrode was higher than that of GCE, but smaller than that of the tobramycin-Nafion modified electrode. The peak current, especially the anodic peak current, was obviously increased when the tobramycin-Nafion modified electrode was used. These experimental results indicated that the tobramycin in the tobramycin-Nafion modified electrode possessed strong complexing action and sorption, which could greatly improve the sensitivity of the determination of Cu 2+ . In this paper the anodic wave of Cu 2+ was systematically studied by differential pulse anodic stripping voltammetry for analytical applications.
Effect of the modified electrode composition
A modifier can change the properties and functions of the electrode surface. The influence of the Nafion concentration on the peak current was studied, and the results are shown in Fig.  3 .
The peak current reached the maximum when the concentration of Nafion, which contained 2.5 × 10 -4 g ml -1 tobramycin, was 2.5%. When the concentration of Nafion exceeded 2.5%, the film became thicker and the electric resistance became higher, which resulted in a decrease of the peak current. The concentration of tobramycin in the modified electrode had a significant influence on the voltammetric response. When the concentration of Nafion was fixed at 2.5%, the influence of the tobramycin concentration on the peak current was investigated (Fig. 4) . The results indicated that the peak current reached the maximum when the concentration tobramycin was 1.75 × 10 -4 g ml -1 . After the tobramycin concentration was over 1.75 × 10 -4 g ml -1 , the peak current tended to level off. Therefore, a tobramycin concentration of 1.75 × 10 -4 g ml -1 was chosen in our measurement.
Effects of the electrolytes and pH values
Various supporting electrolytes, such as HCl, NH4Cl, HAc-NaAc buffer and Britton-Robinson (B-R) buffer, were investigated. It was found that a well-defined and sensitive anodic stripping peak current appeared at -0.08 V when HAc-NaAc buffer was used as the electrolyte. The effect of the pH value of HAc-NaAc buffer on the anodic stripping peak current of the tobramycin-Nafion modified electrode was investigated. The results are shown in Fig. 5 . It was found that an optimum pH range exists in the range of pH 4.0 -4.8, where a maximum stripping peak current could be obtained. At a lower pH, the low response of the electrode can be ascribed to the competition of H + for the ion-exchange sites of the Nafion polymer and the binding sites of tobramycin. At higher pH, the low response of the electrode can be ascribed to the hydrolysis of Cu(II), since it is not likely for the neutral Cu(OH)2 or negatively charged Cu(II)-hydroxide complexes to be taken up by the tobramycin-containing Nafion film. Therefore, the HAc-NaAc buffer (pH 4.6) was selected as the supporting ; tobramycin concentration, 2.5 × 10 -4 g ml -1 ; HAc-NaAc buffer (pH), 5.0; accumulation potential, -0.6 V; accumulation time, 240 s; quiet time, 30 s; scan rate, 40 mV s -1 . Fig. 4 Effect of the concentration of tobramycin on the anodic stripping peak current. Nafion concentration, 2.5%; other conditions as in Fig. 3 . Fig. 5 Effect of the pH on the anodic stripping peak current. Nafion concentration, 2.5%; tobramycin concentration, 2.5 × 10 -4 g ml -1 ; other conditions as in Fig. 3 .
electrolyte.
Effects of the accumulation potential and time
The dependence of the differential pulse anodic stripping peak current on the accumulation potential was examined over the potential range of -0.3 to -0.9 V. Figure 6 shows the effect of the accumulation potential on the stripping peak current. It was found that the maximum response for copper occurs with potentials equal to, or more negative than, -0.6 V. Therefore, -0.6 V was chosen as the accumulation potential in our measurement.
The dependence of the differential pulse anodic stripping voltammetric peak current on the accumulation time for two different copper concentrations is shown in Fig. 7 . The peak current increases with increasing accumulation time, indicating an enhancement of the copper ion concentration at the surface of the modified electrode. At a lower concentration of copper, the current response is nearly linear from 180 to 300 s, and then remains constant. For a higher concentration of copper, the peak current is also nearly linear from 150 to 270 s, and then becomes constant. As the accumulation time became longer, 270 or 300 s, there was no significant increase in the peak current, illustrating that the steady-state equilibrium of adsorption/complex was attained. Hence, for all subsequent measurements an accumulation time of 300 s was employed.
Effects of the pulse amplitude and the scan rate
The influence of the pulse amplitude was investigated. The results suggested that the differential pulse anodic stripping peak current reached the maximum value when the pulse amplitude was 0.075 V. As for the scan rate, the current response rose with increasing the scan rate. However, when the scan rate exceeded 40 mV s -1 , the noise increased. Therefore, a scan rate of 40 mV s -1 was chosen, since it could afford the highest signal-to-noise ratio.
Calibration plot, detection limit and precision
According to the optimum experimental conditions and the procedure described above, the relationship between the stripping peak current and the Cu 
Effect of other ions
The interference of various foreign metal ions on the determination of 1.0 × 10 -7 mol l -1 Cu 2+ was investigated. These species were added to the sample, and the tolerable limit of a foreign substance was taken as a relative error not greater than 5%. The tolerated ratio of the foreign substances to 1.0 × 10 
Analytical application
The utility of the developed method for Cu 2+ determination was tested by the determination of Cu 2+ in different water samples. After the river-water samples were filtered with a 0.4 µm polycarbonate membrane filter, they were acidified to pH 2 with nitric acid. In order to destroy the organic substances, it is necessary to pretreat the water samples. Wet digestion and UV irradiation are two usual methods. In this work, the wet digestion method was used and the pretreatment procedure was the same as that given in a report. 5 Three replicate determinations of Cu 2+ in unspiked and spiked water samples were carried out using the standard addition method. The results obtained by the proposed method are summarized in Table 1 . The proposed method was also applied to the determination of copper in different analytical-grade salts. The results are also given in Table 1 . It is evident that the present modified electrode is very effective for the determination of trace levels of Cu 2+ .
Conclusions
A novel approach for the determination of Cu 2+ has been developed by differential pulse anodic stripping voltammetry, based on the tobramycin-Nafion modified electrode. The modified electrode exhibits an obvious voltammetric response to Cu 2+ . The proposed method was applied to the direct determinations of copper in water samples and in analytical reagent-grade salts with satisfactory results.
